Silver nanocomposite coatings are prepared by the sol-gel method for the prevention of biofilm formation on the surface of medical implanted devices. High-temperature processing of such coatings can lead to diffusion of nanosilver and reduce the amount of available silver particles for long-term effects. Using a low-temperature sol-gel method, we have successfully prepared silane-based matrices, phenyltriethoxysilane (PhTEOS), containing different amounts of Ag nanoparticles. The incorporation of a silver salt into the sol-gel matrix resulted in a desired silver release rate, i.e. high initial release rate followed by a lower sustained release for more than 15 days, as determined by inductively coupled plasma mass spectrometry (ICP-MS). Scanning electron microscopy (SEM) has been employed to investigate the morphology of the film surfaces before and after immersion in a nutrient-rich bacterial suspension of approximately 10 8 CFU ml −1 , which was incubated for up to 30 days at 37 • C. It was found that thin films containing 35 nm particles could prevent the formation of biofilm for over 30 days. The presence of surface silver before and after 3, 9 and 15 days immersion was confirmed by x-ray photoelectron spectroscopy (XPS).
Introduction
Antimicrobial coatings have gained increased interest from researchers and medical device industries due to their importance in implanted medical devices.
Organic-or inorganic-based metal oxide nanocomposites have been extensively investigated for potential antibacterial and biomedical applications [1] [2] [3] . Silver is one of the most interesting biocide materials, which has a strong and broad spectrum of antimicrobial function [4] .
It has been demonstrated that embedding silver particles into a polymer coating can be more effective than a direct surface coating because surface silver can be easily deactivated by protein anions [5] . However, silver particles on bulk matrices have weak washing resistance, which caused the fast release of silver ions, shortening the lifetime of the antimicrobial process and may produce unwanted side effects [6] . Because silver nanoparticles have a high surface area to volume ratio, silver nanocomposites can effectively perform antimicrobial activities [7, 8] even at low concentrations [9] [10] [11] . In addition, washing resistance should be improved by embedding silver nanoparticles in porous hosts, which have a slow dissolving rate, to yield a long-term antimicrobial effect [12, 13] . When silver nanoparticles are loaded into an inorganic host and slowly released from it by design, they can act as long-lasting disinfectants. Compared with conventional organic disinfectants, such an inorganic disinfectant is superior in terms of safety, stability and heat resistance [14] .
Several inorganic carriers, such as zeolites, calcium phosphate and carbon fibers, have been investigated as inorganic hosts for silver-based antibacterial materials [15] [16] [17] [18] . It was found that silica-based silver nanocomposites can be good antibacterial materials. They have excellent chemical durability, biocompatibility and high antibacterial activity [19] .
The use of heavy silver-doped silica coating and other hybrid coatings has been reported to be very effective against Staphylococcus aureus and Escherichia coli [20] . Silverdoped silica thin films and silica microspheres have shown high antibacterial activity in an aqueous environment, but the material fabrication required high processing temperature (800
• C) [21] . Such a high temperature can cause an increase in crystallinity, which leads to a reduction in silver release kinetics [22] . In addition, such a high temperature led to the aggregation of silver clusters on the film surface to form bigger silver particles that cannot permeate in tissues [23] . X-ray photoelectron spectroscopy (XPS) studies showed that high-temperature processing of silver-doped tetra ethoxy silane (TEOS) films caused the migration of Ag + ions into the bulk, i.e. away from the surface [24] . Considering a high initial release of antibacterial agent is very important during the early stage of device insertion for preventing bacterial attachment, a reduction in available surface silver ions is undesirable [25] . Consequently, the use of a low-temperature processed nanosized silver-doped sol-gel material may be a potential solution to this problem. For practical applications, high density silver loading with controllable release rate at later stages can extend the lifetime of the biocide effect.
In this paper, we report a facile sol-gel route of fabricating nanosilver-embedded phenyltriethoxysilane coating at low temperature. This nanocomposite film has very high loading of silver nanoparticles near the surface of the film and can release these at a desired rate for a long period of time. Antibacterial efficacy of these thin films against E. coli was tested experimentally.
Materials and methods

Film preparation
Sol-gel silica-based thin films containing different amounts of silver nanoparticles were synthesized by spin-coating on sodalime glass microscope slides. The sol was prepared using phenyltriethoxysilane (PhTEOS, Alfa Aesar 98%), ethanol (Tianjin Fuyu Fine Chemical Co. Ltd, China, 99.7%), DI water, nitric acid (HNO 3 ) and silver nitrate (AgNO 3 , Shanghai Shi Yi Chemical reagent Co. Ltd, 99.8%) as precursors. The solution was prepared by mixing 4 ml PhTEOS and 4 ml ethanol. After 30 min stirring, DI water was added to the solution drop by drop with continuous stirring at room temperature. Then, different amounts of AgNO 3 along with a constant value of HNO 3 (to adjust the pH value of the solution) were added to the solution. The molar ratios of phTEOS/C 2 H 5 OH/H 2 O/AgNO 3 were 1:3.8:4:n, where n = 0, 0.02, 0.04, 0.06 and 0.08 is the nominal molar ratio of Ag/Si. The Ag colloid-containing sols were aged until the viscosity reached approximately 2-4 cP. It usually takes several hours for sols to be ready for coating and sols with higher silver concentration take a shorter aging time [26] . All composite films were dried in air at 100
• C for 1 h, which leads to transparent light brown color films.
Characterization
Surface morphology, particle size and distribution of thin films was studied by scanning electron microscopy (SEM; FEI SIRISON 200, Philips). Chemical analysis on the elements was recorded by an XPS (PHI 5700) with an Al Kα xray source in a vacuum chamber with pressure <10 −8 Torr. Binding energy was referenced to the C 1s line at 285 eV from adventitious carbon. Curve deconvolution of the obtained XP spectra was performed with the XPS Peak Fitting Program. XPS depth profile was acquired by Ar+ ion beam sputtering with incident energy of 1 keV.
The silver release rate from the coatings was measured as a function of time to evaluate if it meets the design requirement. Sterile deionized water was chosen as the test fluid. Silvercontaining films were immersed in 50 ml of water for different amounts of time in fresh test fluid. The fluids were analyzed for signs of silver by inductively coupled plasma optical emission spectrometry (ICP-OES: Perkin Elmer Optima 5300DV).
The ability to prevent biofilm growth by silver-containing coatings was first proved by the zone of inhibition test and then was quantitatively assessed using scanning electron microscopy (SEM). Escherichia coli were used for the antibacterial test. After sterilizing, glass slides (10 mm × 10 mm), one group coated with silver-containing film and another group coated with silver-free films, were immersed in a nutrient-rich bacterial suspension of approximately 10 8 CFU (colony forming units) ml −1 and incubated for 15 and 30 days at 37
• C. After incubation, the glass slides were removed and washed with DI water. Because the samples are not conductive, they were coated by a thin layer of gold for SEM imaging.
In order to correctly count the grown bacterial colonies, 0.1 ml of the treated solution was diluted with DI water to a suitable volume. Then, the diluted solution was spread on a nutrient agar plate and incubated at 37
• C for 48 h to count the bacterial colonies.
Results and discussion
The surface morphology of silver nanocomposite thin films was examined by SEM. Figure 1 shows the SEM images of silver nanocomposites containing 0.04 and 0.08 mol AgNO 3 , which were dried at 100
• C before and after immersion in water. In order to have the capability of longer time silver release, high loading of nanoparticles in the composite film is vital. Therefore, we must adjust the amount of AgNO 3 in the sol to control the concentration of silver nanoparticles in the matrix. It is found that there is an upper limit in adding AgNO 3 to the matrix. Increasing the concentration beyond this limit will cause the silver particles to lose semi-spherical shape and lead to particle agglomeration. The particle agglomeration problem may be solved by annealing the samples at 200
• C for 2 h. Figure 1(b) shows the SEM image of the sample with 0.08 mol AgNO 3 annealed at 200
• C. It was observed that the cluster shape became semi-spherical and the amount of surface particles only decreased slightly. Figure 1(c) is the SEM image of the 0.06 mol AgNO 3 film dried at 100
• C before immersion. After 15 days immersion in deionized water the amount of particles decreased considerably but there were still some nanosilver left on the film surface ( figure 1(d) ). After 30 days immersion, figure 1(e), both surfaces show a decrease in surface silver, but the rate of decrease slowed down substantially from 15 days to 30 days immersion. For better control of the antibacterial activity, understanding surface properties and chemical state changes of the silver nanoparticles are very important. To study surface chemical state changes, sol-gel-derived films containing 0.08 mol AgNO 3 were analyzed by the XPS technique before and after immersion in DI water for several days. Figure 2 shows the surface Ag percentage, based on Ag (3d5/2) XPS peaks, as a function of the immersion time for the film containing 0.08 mol AgNO 3 after being dried at 100
• C. As shown in the SEM images, when the samples were heated at 200
• C for 2 h, Ag particles migrate deep into the bulk. Table 1 presents the silver percentage on the surface for a sample prepared at 100
• C and after immersion in DI water for 2, 9 and 15 days. For comparison, the silver percentage at a depth of 5 nm was also measured on the as-prepared sample and on a sample immersed in DI water for 9 days. For the depth measurements, the 5 nm layer was taken off by Ar+ ion beam sputtering with incident energy of 1 keV. As expected, at the depth of 5 nm, the amount of silver is more than that on the surface. The nominal Ag/Si molar ratio for the film containing 0.08 mol AgNO 3 is 0.07, while this ratio is 1.13 for calculated Ag/Si from XPS data for surface Ag and Si. The molar ratio at the depth of 5 nm is 1.36, which is slightly higher than that on the surface, but based on previous reports, there is little silver below a certain depth (∼40 nm) [19, 27] . In other words, silver nanoparticles have a high tendency to accumulate on the upper layers of the coating. Surface silver content also depends on the film processing temperature. The surface silver for a thin film containing 0.08 mol AgNO 3 annealed at 100
• C is 9.72 while for the thin film annealed at 200
• C it is 6.24. It confirmed that a higher temperature will cause self-agglomeration of Ag nanoparticles on the surface of the dried film and diffusion of Ag particles into the inside of the film.
Preparing sol-gel-derived silver-containing coatings at low temperature can maintain the silver particle size in the nanometer range and also keep the particles on the film surface. The XPS spectrum of the Ag(3d) core level in the silver- containing coating is shown in figure 3 for the cases before and after immersion in DI water. The Ag(3d5/2) and Ag(3d3/2) peaks were found to have binding energies of 368.5 eV and 374.5 eV, respectively, which shows that the splitting of the 3d doublet of Ag is 6.0 eV. This splitting difference indicates the formation of metallic silver nanoparticles [28] . The binding energy shifts to lower energy as a function of immersion time in water, which indicates a reduction of metallic silver and an increase of oxidized particles. After immersion, the silver-containing film can absorb water into the film, causing ionization of silver nanoparticles [29] . Considering that the binding energies of the Ag(3d5/2) core level for Ag, Ag 2 O and AgO are 368.6 eV, 368.2 eV and 367.8 eV, respectively; this reduction in binding energy demonstrates the formation of Ag 2 O and AgO.
Different molar ratios of precursors also cause considerable changes in the properties of silver nanoparticles. Based on two separate reports by Babapour and Li, different molar ratios of TEOS/H 2 O in preparing the Ag-SiO 2 system lead to very different results [23, 28] . Silver nanoparticles prepared by these two groups present a 36% difference in metallic phase (Ag 0 ) in their final products. The silver-containing silica-based coating prepared by our low-temperature sol-gel technique has a high initial Ag release rate in the first four days. Then, the release rate decreased to a low level and Ag ions were observed in the immersion solution for a relatively long period of time. The amount of released silver ions was measured to be 1.59 μM ml −1 after 15 days and the presence of silver on the film surface after 15 days was further confirmed by XPS measurements. Figure 4 shows the silver release rate into deionized water as a function of time. Initially, a high release rate was observed, which is favorable as it will produce the needed fast kill of bacteria, to avoid developing resistant pathogens [30] . After four days, the release rate decreased; this will produce longer time maintenance of the bacteria-free environment. The release process of silver ions generally depends on the concentration of surface nanoparticles and the diffusion of the solution on the coating surface. Easy diffusion of the solution on the coating surface and higher accumulation of silver on the surface could result in a high release rate in the initial stages. Considerable reduction in the release rate of silver ions in later stages can be explained by the rapid decrease of surface Ag particles and slower diffusion of the solution in the pores of the film, which changed the silver-ion-releasing mechanism. Kumar and Munstedt indicated that such release behavior of silver ions from nanocomposites is completely different from the bulk silver-based material, which has a rapid ion release rate after a minimum release in the initial stage [31] .
Inhibition of biofilm growth by the silver nanoparticles has been studied by scanning electron microscopy. Figure 5 shows images of silver nanocomposites and undoped PhTEOS thin films coated on glass slides, after 30 days immersion in nutrient-rich E. coli bacterial suspension of approximately 10 8 CFU. It was observed that the biofilms of the bacteria were fully established on the surface of films with no silver ( figure 5(a) ), while the silver-containing film completely prevented biofilm formation.
After 30 days of incubation, nanocomposite film with 0.04 mol AgNO 3 concentration could not completely prevent attachment of bacteria ( figure 5(c) ). Some bacterial colonies were observed on these samples. If the concentration of silver is increased to 0.08 mol AgNO 3 , the films could successfully inhibit biofilm formation.
Conclusion
Low-temperature processed PhTEOS sol-gel films with a high concentration of bioactive silver nanoparticles were synthesized. These silver nanocomposites were found to be very effective in killing E. coli bacteria.
Surface analyses of the sample containing 0.08 mol AgNO 3 indicate that the film surface is covered by metallic silver nanoparticles with an average particle size of 35 nm. Depth profile XPS measurements showed that the silver nanoparticles were accumulated near the surface of the silica thin film. These films produced high initial silver ion release, then the release rate decreased considerably but lasted for a very long time. This indicated that the silver nanoparticles were embedded in the upper layer and on the surface of the film coating. Using water-soluble and non-soluble matrices, these composites provide an easy mechanism to control the silver release rate through water diffusion characteristics and pores of the film. This controlled mechanism allowed 1.59 μM ml −1 ion release even after 15 days immersion. Experimental results verified that our silica-based coating containing 0.08 mol AgNO 3 could prevent the formation of E. coli bacteria for more than 30 days.
